PepN
-p-value is 0.302 from a student's two-tailed t-test indicating difference of growth rate in a nutrient-rich environment was not significant. Cells were grown shaking in LBS at 25°C and 250rpm. N-3-oxo-hexanoyl homoserine lactone, autoinducer, was added to cultures indicated with "AI". The doubling times are as follows (minutes): 
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I. Introduction
Vibrio fischeri, a marine bioluminescent bacterium, is the sole symbiont of Euprymna scolopes, the Hawaiian bobtail squid [1] . This highly specific relationship culminates with the colonization of the squid's light organ by V. fischeri. To ensure the success of its symbiont, E.
scolopes implements a series of physiological and mechanical barriers that inhibit the establishment of nonsymbionts during colonization. Initially, ciliated external appendages capture planktonic bacteria in peptide-rich mucus matrices promoting biofilm formation in tight aggregates. Some bacteria then regain motility and disperse from the matrices to access the pores of the ducts. The ducts, filled with nitric oxide, promote oxidative stress, selecting against ill adapted bacteria. Following the ducts are the deep crypts which are protected by hypochlorous acid produced by halide peroxidases in host tissue, in addition to being lined with hemocytes, innate immune cells that recognize microbe-associated molecular patterns, such as lipopolysaccharide [2] . In the deep crypts V. fischeri then successfully outcompetes remaining nonsymbionts to form a monoculture [1] . The nutrient rich environment promotes densitydependent luminescence, which in turn appears to be utilized by E. scolopes in an anti-predatory behavior dubbed "counterillumination" [1, 3] .
This distinct symbiosis has been the focus of many studies fixated on identifying factors fundamental to the ability of V. fischeri to establish colonization. A study by Fidopiastis et al.
(2012) sought to investigate the role of proteases in the colonization process. Aminopeptidase N, PepN, was identified as the protease that produces the majority of cell-associated aminopeptidase activity. V. fischeri PepN displays characteristic, conserved peptide motifs HExxH and GAMEN, and shares 75% identity with E. coli PepN in the first 400 amino acids [4, 5] . V. fischeri PepN is a broad spectrum metalloprotease with a preference for basic and hydrophobic amino acids at the N-terminal and utilizes Zn 2+ as a cofactor, consistent with PepN homologs in other bacteria [4, 6] .
A PepN mutant strain was constructed and used in squid colonization assays. The PepN deficient 2 strain was outcompeted during the first 12 hours of colonization by wildtype and displayed smaller population densities, but achieved wildtype colonization levels at 24 hours, and thus competed evenly. Notably, the PepN deficient strain formed lower cell density aggregates lending a reason for the initial colonization delay [5] .
Aminopeptidase N has been identified in many organisms including fungi, mammals, archaea, and various genera of bacteria [5, 7] . Hypothesized roles for PepN include functions in intracellular protein turnover, exogenous peptide metabolism, abnormal protein elimination, and as a regulator in response to external stressors [4, 6, 7] . For example, E. coli pepN expression was 4 times greater under phosphate limiting conditions and anaerobiosis [6] . Moreover, E. coli strains lacking PepN outgrew the wild type in the presence of sodium salicylate, an external stress inducer [7] . These results may suggest that PepN is a negative regulator of stress response pathways.
This study aimed to define the physiological role of PepN for V. fischeri and its symbiosis. Specifically, we sought to define this role by analyzing expression of pepN and utilizing a PepN deficient strain in physiological assays and phenotype microarrays designed to address its role in stress response and aggregate formation. Approximately 20 l of overnight culture was used to inoculate flasks to achieve an OD 600 of .005 in 10 ml LBS broth for each strain. As a proxy for symbiosis conditions, one flask per strain received autoinducer at a final concentration of 1 g/l N-3-oxo-hexanoyl homoserine lactone for luminescence enhancement. OD 600 and luminescence were measured periodically, increasing in frequency once log phase was reached. Sampling concluded nearing 1.000 OD 600 .
b. Growth and luminescence curves in Seawater Tryptone Medium
Sea water tryptone broth is similar to the salinity composition of the natural environment of V. fischeri [5] . This was used to further determine the role of PepN in growth and luminescence. OD 600 was measured using a spectrophotometer. 
d. Biofilms
This experiment investigated the role of PepN in biofilm production, which is essential to the primary steps of colonization and might be necessary for persistence in the light organ. An overnight culture was used to inoculate 6 mini test tubes for an initial OD 600 of .005 per strain.
Test tubes received 500 µl of biofilm media that consists of (per liter) 500 ml 2X-artificial seawater, 461.25 ml deionized water, 11.9g HEPES, 5 ml 20% NH 4 Cl ,30 ml 10% casamino acids stock, 3.75 ml 80% glycerol stock, 10 ml 0.001M Ferric SO 4 stock, and 0.2 ml glucose .
Two tubes per strain incubated for 24 hours at 25°C then OD 600 was measured. Cultures were then discarded and tubes were rinsed with deionized water. Tubes were dyed with 500 l of
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Calcofluor for 30 minutes or Crystal Violet for 5 minutes. Tubes dyed with Calcofluor were qualitatively assessed using a UV box. Crystal Violet dyed tubes were qualitatively assessed upon drying. This process was repeated at 48 hours and 72 hours. The study was repeated using LBS media as well. This experiment was performed in triplicate.
iii. Assessing the Potential Role of PepN in Stress Response
a. Sodium salicylate MIC
Sodium salicylate (NaSal), a general stress response inducer, was used to determine if
PepN is vital to a stress response as demonstrated in other bacterial species containing a PepN homolog [7] . Six strain variations of V. fischeri ES114 were grown from freezer stock on LBS plates overnight. Strains were as follows: ES114, PepN Growth was assessed 24-120 hours later.
b. Phenotype microarray
The ability of V. fischeri to respire in the presence of a multitude of bacterial stressinducing compounds was tested using phenotype microarray plates (Biolog) in order to uncover subtle physiological differences between wildtype and pepN mutant strains. PepN -freezer stock was grown overnight at 25°C on a TSA 1.4% (final concentration) NaCl plate. Culture was used to prepare the inoculation fluid consisting of 1.8 mL Redox Dye D mix and 23.2 mL 9% sterile saline to an OD 600 of .073. 100 l of inoculation fluid was added to 96 wells per phenotype microarray plate. Plates 9-20 were selected to compare to previously collected data on wildtype
Vibrio fischeri. Respiration was tested in response to osmolyte variation in plate 9, pH tolerance in plate 10, and chemical sensitivities in plates 11-20. Inoculated plates were incubated at 25°C 6 for 24 hours in a humidifier box. Respiration was assessed after 24 hours. Data from assays in which wildtype did not respire, but the pepN mutant did were grouped into the following 8 subjective categories: osmolytes, pH, non-macrolide antibiotics, macrolides, chemicals, antifungals, drugs, and ion channel blockers (Appendix 4).
c. Phosphate starvation growth and luminescence curves
Previous studies using E. coli found an increase in pepN expression under phosphate starvation conditions [6] , providing impetus for a similar investigation in V. fischeri. Growth and luminescence curves were performed using HEPES minimal media (HMM) with and without the addition of K 2 HPO 4 , a phosphate source. OD 600 was measured using a spectrophotometer.
Approximately 45 l of overnight culture was used to inoculate six flasks to achieve an OD 600 of .005 in 15 ml HMM+K 2 HPO 4 or HMM broth for each strain. One flask per strain received autoinducer at a final concentration of 0.6 g/l N-3-oxo-hexanoyl homoserine lactone for luminescence enhancement. OD 600 and luminescence time points were taken periodically, increasing in frequency once log phase was reached. Sampling concluded at 1.000 OD 600 .
d. Nitric oxide challenge
To determine the role of PepN in stress response, nitric oxide was selected as a stress inducer due to its presence in E. scolopes ducts of the light organ. This protocol was adapted from 
b. Anaerobiosis
Anaerobic conditions were found to increase E. coli pepN expression suggesting a role in stress response thus leading to a similar investigation in the V. fischeri PepN homolog [6] .
Wildtype freezer stock was grown overnight at 24°C on LBS agar. Single colonies were used to inoculate 6 test tubes of 5 mL LBS. Three test tubes were stored aerobically, shaking and three test tubes were housed in anaerobic, stagnant conditions at 24°C overnight. Total RNA was harvested from cells using Ambion PureLink RNA Mini Kit. A NanoDrop (Thermo Scientific) was used to quantify RNA. Applied Biosystems High-Capacity RNA-to-cDNA Kit was used to obtain cDNA using 0.25 g RNA. qRT-PCR was performed in triplicate using an Applied III. Results
i. Loss of PepN does not affect growth, luminescence, or biofilm production.
General assays were performed to identify changes in basic physiological functions of the pepN mutant. The pepN mutant did not differ in growth rate, luminescence emission per cell in culture during log phase, and biofilm formation on various media. Though not significant, in SWT broth, a lower nutrient medium than LBS, luminescence per-cell by the PepN mutant was greater than wildtype (p-value= 0.0689, Fig. 1 ). LBS broth, a nutrient-rich medium, did not elicit any differences in growth rate or luminescence per cell in the PepN mutant (Fig. 2) . PepN mutant and wildtype grew similarly in mucin broth and formed comparable cellulosic and polysaccharide biofilms (Appendix 1, Appendix 2).
ii. Loss of PepN does not affect growth under phosphate starvation or in the presence of stress inducers.
The absence of a phosphate source and the presence of sodium salicylate are stress conditions found to induce pepN expression in E. coli, or show PepN to be a negative regulator of the stress response, respectively [6, 7] . Compared to wildtype, V. fischeri pepN mutant did not exhibit any difference in tolerance to NaSal during MIC assays and assays from phenotype microarray plate 17 utilizing NaSal. Both wildtype and PepN mutant grew similarly in the presence of increasing concentrations of NaSal (Fig. 3) . PepN + and WT + vector (pEVS105)
exhibited lower tolerance to NaSal as concentration increased compared to other strains possibly due to slowed growth by carrying a multi-copy number plasmid exacerbated by a selective environment (Dr. E.V. Stabb, University of Georgia, Personal Communication, Fig. 3c ). Growth rates of wildtype and pepN mutant strains were higher in medium containing phosphate than medium without (Fig. 4) . No differences in growth rate or luminescence per cell were found between strains in either condition. V. fischeri strains grown in medium containing nitric oxide, an antimicrobial agent present in the light organ of E. scolopes during colonization, did not exhibit growth rate differences (Fig. 5) . Both strains had a decreased growth rate in the presence of DEA-NONOate.
iii. PepN-deficient cells of V. fischeri have greater tolerance to an array of chemical environments.
Out of 432 biochemical assays tested in Biolog phenotype microarray plates 9-20, the pepN mutant grew in 328 compared to 254 by wildtype (Fig. 6 ). This tolerance difference amounted to 4 conditions in which wildtype respired, but pepN mutant did not compared to 78
conditions in which pepN mutant respired, but wildtype did not. Wildtype V. fischeri demonstrated a greater tolerance for higher salinity environments than the pepN mutant, respiring in 4% NaCl and 6% potassium chloride. Wildtype V. fischeri also respired in greater concentrations of cupric chloride and was tolerant of thioridazine, a presumed ion channel inhibitor. The pepN mutant was found to respire in 78 assays that wildtype did not. These assays were grouped into the previously described 8 categories (Fig. 7) . Notable differences between wildtype and mutant included that the pepN mutant had an increased tolerance to urea, sodium lactate, and acidity compared to wildtype.
iv. Expression of pepN is not effected by phosphate starvation or anoxic conditions.
Unlike E. coli PepN [6] , pepN expression in V. fischeri was not increased under phosphate limited or anoxic conditions. When wildtype V.fischeri was grown in HMM without 
IV. Discussion
PepN is the major contributor of aminopeptidase activity in V. fischeri and contributes to the initiation of colonization of E. scolopes [5] . In addition to the pepN mutant strain being outcompeted and growth deficient compared to wildtype during the first 12 hours of colonization, it was found to form less dense aggregates on the mucin-rich, exterior surface of the light organ prior to migration [5] . Based on these observations three hypotheses were proposed:
1) PepN activity might be required to breakdown the peptide-rich mucus matrices for nutrition and to facilitate detachment, 2) PepN activity could affect biofilm formation, and consequently, the ability of cells to form dense aggregates, and 3), the pepN mutant might be more susceptible to inherent environmental stressors propagated by E. scolopes during colonization. This study proteins, polysaccharides, antimicrobials, nitric oxide vesicles, and a low pH [18] . Though our results do not support a direct role for PepN in mucin degradation it is known that there are zinc proteases capable of degrading mucin and are speculated to be important for detachment [26] . In addition, the necessity of hexosaminidases and chitinases in biofilm degradation is well documented [19] . V. fischeri dispersal utilizing an as yet unrecognized protease and/or the aforementioned carbohydrate-degrading enzymes may be a focus for future studies on mucin degradation. In addition, a study investigating PepN influence on chemotaxis, another important colonization step present during dispersal and migration into the pores, might be worthwhile [18, 20] . Notably, V. fischeri has been found to utilize different metabolic pathways during symbiotic and free-living lifestyles, varying its response to the external environment [8] . Further efforts to identify the unique chemical composition of the mucus matrices of E. scolopes should be evaluated and peptide utilization assays performed with purified PepN may be valuable as well.
To investigate the role of PepN in stress response, as demonstrated with other Gram negative bacteria, known microbial stressors were employed [6, 7, 9] . First, growth in SWT broth, a nutrient-deplete medium, showed a trend of increased luminescence by the pepN mutant compared to wildtype. This could support a role for PepN in stress response, as increased luminescence is induced under stressful conditions like anoxia [14] . The pepN mutant should be further studied in other nutrient-deficient media to see if this trend is repeated. Second, in the presence of two stress-inducing compounds, sodium salicylate (NaSal) and nitric oxide, wildtype V. fischeri and the pepN mutant strain had similar growth patterns with no significant deviations.
A previous study had similar findings with a gene expression microarray that was performed using wildtype V. fischeri cells after exposure to nitric oxide, these data showed no change in pepN expression [11] . Based on the data provided here and past experiments, PepN does not appear to aid in regulating stress response to nitric oxide and this squid defense is not likely to have caused the slowed early colonization by the PepN mutant. Contrary to expected results, the pepN mutant did not have increased tolerance to NaSal exposure as demonstrated with an E. coli pepN mutant [7] . In E. coli, the addition of PepN resulted in inhibited growth on NaSal plates suggesting PepN negatively regulates NaSal-induced stress response. A follow-up study found E.
coli pepN expression did not increase in the presence of NaSal, but further studies are necessary to understand the mechanism by which PepN regulates NaSal stress-response [9] . However, this same study found that during nutritional downshift and high temperature (NDHT) stress, PepN activity is necessary for growth. Specifically, wildtype had a significantly higher growth rate than the pepN mutant and pepN mutant growth rate was restored upon ectopic expression of catalytically active PepN. In addition, pepN mutant growth rate was also restored by the exogenous addition of casamino acid residues. The necessity of PepN under these conditions is attributed to its known role in protein turnover, increasing the availability of intracellular amino acids/peptides for E. coli adaptation and growth in response to NDHT stresses [9, 4] . Similar results were obtained with a Salmonella typhimurium PepN mutant subjected to NDHT stress, highlighting the role of PepN in stress response particularly during starvation conditions [13, 12] .
A study by Graf et al. (1998) found the extracellular fluid of the light organ of E. scolopes to provide at least 9 amino acids necessary for promoting the proliferation of V. fischeri [27] . These amino acids may not be readily supplied in the mucus, and thus, may explain the pattern for delayed colonization by the pepN mutant. It would be valuable to address this hypothesis in a follow up study.
Two stressors known to induce expression of pepN in E. coli are phosphate starvation and
anaerobiosis, yet V. fischeri did not display enhanced pepN expression in either condition [6] .
Unlike, in E. coli, which showed a 4-fold increase in pepN expression during anaerobiosis, V.
fischeri did not have a significant change compared to aerobic conditions [6] . Suggesting growth under oxygen-limited conditions in the light organ is not affected by PepN. Researchers who studied E. coli pepN expression under anaerobic conditions suggested their results are indicative of several pathways for anaerobic regulation of gene expression besides the well-known FNR protein [6, 15] . Furthermore, pepN expression in V. fischeri was not influenced by phosphate levels. In E. coli, pepN expression was greater under phosphate starvation compared to phosphate supplemented conditions [6] . Using a pepN-lacZ fusion, Gharbi et al. (1985) demonstrated a 4-fold difference in pepN expression under phosphate starvation and found this expression was not attributed to the pho regulon, which is responsible for regulating genes participating in phosphate metabolism, and thus, modulation of many cellular processes [6, 28] .
Conversely, a previous E. coli study by McCaman et al. (1982) failed to find an effect from the loss of PepN on growth rate and wildtype PepN levels remained constant within various conditions including phosphate starvation. It was concluded that pepN expression is constitutive and is not significantly affected by the cell's external environment, consistent with its proposed role in intracellular protein turnover and degradation [12] . Our findings for PepN in V. fischeri are similar to those reported by McCaman et. al (1982) .
In an effort to identify stress-related processes and pathways which may involve PepN activity, stress-response-related Biolog phenotype microarray assays were performed. Marked strain differences from this experiment included the ability of wildtype to grow in higher salinity environments and in the presence of thioridazine, a known efflux pump inhibitor. Conversely, the PepN mutant showed increased resistance to antibiotics, acidity, and urea. Reminiscent of results found by Chandu et al. (2003) , a wildtype strain of E. coli experienced greater susceptibility to stressors compared to the PepN mutant [7] . Our findings lend further support to the role of PepN as a negative regulator in certain stress response pathways as demonstrated by increased tolerance to stressors by the PepN mutant.
Notably, the pepN mutant had increased resistance to 17 antibiotics, only two of which were macrolides, whose resistance could be attributed to the erythromycin resistance marker insertion in our pepN mutant. However, ribosome modification may have occurred by the methyltransferase properties of the erythromycin marker leading to the inconclusive resistance of 9 of these other antibiotics whose mechanisms of action involve ribosome inhibition (Dr. P.M.
Fidopiastis, CPSU-San Luis Obispo, Personal Communication). The mechanisms of action for cloxacillin, nalidixic acid, oxacillin, rifampicin, and sulfisoxazole are not directly associated with ribosome function. An increase in resistance to other antibiotics might be due to the role of PepN activity in activating the antibiotics' lethal mechanisms [4] . For example, PepN activates antimicrobial activity for albomycin in E. coli and Salmonella typhimurium [16] . Conversely, the presence of metalloprotease activity in S. aureus by BlaR, a zinc-dependent transmembrane protease signal-transducer, increases --lactamase and penicillin-binding protein 2a [23] . Metallopeptidases are becoming potential targets for new antibiotics due to their purported role in key cellular functions like protein turnover [21] . For example, bacitracin belongs to a particular class of antibiotics called "metalloantibiotics" that inhibit metalloproteases [22] . A follow up Biolog study should be performed with a complemented pepN strain to observe if the addition of PepN restores the wildtype pattern of antibiotic sensitivity.
In E. coli, there was no increase in PepN production when cells were grown in ureacontaining media [6] . However, in V. fischeri, the pepN mutant displayed increased tolerance to urea at concentrations up to 7% compared to the 2% tolerance see in wildtype. The role of PepN in urea tolerance should be further studied due to its importance in marine animal tissue as an osmolyte and major waste product from the squid's diet. An important colonization condition modified by the squid host is pH. Kremer et al. (2013) found that a slight difference in acidity between the mucus matrix (~6.4) and pores (5.9) influenced important symbiotic host protein activity. It is tempting to speculate that the loss of PepN results in greater acidity tolerance due to an increased pH stress response echoing the proposed role of PepN as a negative regulator in stress response by Chandu et al. (2003) [7] . The pepN mutant may allocate greater amounts of energy resources to the over activation of proton pumps to stabilize pH creating the initial lag in colonization similar to results found with NDHT stress [9] . Additionally, the ability of wildtype to grow in higher salinity environments coupled with the ability to resist thioridazine may suggest a greater role for PepN in cytoplasmic membrane regulation, in particular, pathways that involve efflux pump functions. Metalloproteases have been identified in Halobacillus sp. LY6 and
Bacillus cereus as important to salinity tolerance, exhibiting high activity at increased salinity [24, 25] . In Mycobacterium tuberculosis thioridazine inhibited efflux pumps and their expression [17] . It is possible that this inhibition in tandem with the loss of function by PepN is responsible for the lack of respiration by the pepN mutant. V. fischeri PepN activity was found to be cell membrane-associated [5] . Subsequent assays should be performed to further evaluate the role of PepN with respect to salinity tolerance and thioridazine resistance.
To date, the best-supported role for bacterial PepN is in intracellular protein degradation and turnover [4, 6, 7, 9, 12, 13] . Appendix 2. Raw data of V. fischeri wildtype, pepN mutant, and complemented strains grown in biofilm media. Cell density was measured quantitatively using OD 600 spectraphotometric readings and biofilm production was measured qualitatively by observing biofilm ring formations. Representative data from three trials. Calcofluor dyed biolfilms were not visible. Crystal violet dyed biofilms corresponded to cell densities and were comparable between strains. 
